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Abstract

Background: Patient hospitalized for coronavirus disease 2019 (COVID-19) pulmonary infection can have sequelae
such as impaired exercise capacity. We aimed to determine the frequency of long-term exercise capacity limitation in
survivors of severe COVID-19 pulmonary infection and the factors associated with this limitation.

Methods: Patients with severe COVID-19 pulmonary infection were enrolled 3 months after hospital discharge in
COVulnerability, a prospective cohort. They underwent cardiopulmonary exercise testing, pulmonary function test,
echocardiography, and skeletal muscle mass evaluation.

Results: Among 105 patients included, 35% had a reduced exercise capacity (VO,peak < 80% of predicted). Com-
pared to patients with a normal exercise capacity, patients with reduced exercise capacity were more often men
(89.2% vs. 67.6%, p=0.015), with diabetes (45.9% vs. 17.6%, p=0.002) and renal dysfunction (21.6% vs. 17.6%,
p=0.006), but did not differ in terms of initial acute disease severity. An altered exercise capacity was associated with
an impaired respiratory function as assessed by a decrease in forced vital capacity (p <0.0001), FEV1 (p <0.0001), total
lung capacity (p<0.0001) and DL¢q (p=0.015). Moreover, we uncovered a decrease of muscular mass index and grip
test in the reduced exercise capacity group (p=0.001 and p =0.047 respectively), whilst 38.9% of patients with low
exercise capacity had a sarcopenia, compared to 10.9% in those with normal exercise capacity (p=0.001). Myocardial
function was normal with similar systolic and diastolic parameters between groups whilst reduced exercise capacity
was associated with a slightly shorter pulmonary acceleration time, despite no pulmonary hypertension.
Conclusion: Three months after a severe COVID-19 pulmonary infection, more than one third of patients had an

impairment of exercise capacity which was associated with a reduced pulmonary function, a reduced skeletal muscle
mass and function but without any significant impairment in cardiac function.
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Background a follow-up visit was scheduled 3 months after hospital

The pandemic of coronavirus disease 2019 (COVID-19)
caused by the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) represents the greatest global pub-
lic health crisis of the last decades. Most of the knowledge
about COVID-19, including its clinical manifestations
and early evolution comes from studies focusing on the
acute infection phase [1, 2] or short-term convalescence
phase [3]. Whilst pulmonary sequelae have been exten-
sively analyzed, few studies focused on factors contribut-
ing to impaired exercise capacity.

Indeed, pulmonary alteration such as reduction of dif-
fusing capacity and restrictive pattern have been reported
in up to one third of COVID-19 survivors, as previously
described in other coronavirus pneumonia such as severe
acute respiratory syndrome (SARS) or middle east res-
piratory syndrome (MERS) [4-9]. Recently, exercise
capacity limitation has also emerged as a frequent com-
plication leading to long-term disability in the context
of COVID-19 infection [10, 11]. The diagnosis of altered
exercise capacity and the understanding of the underly-
ing factors are crucial for patients since they may benefit
early from a personalized rehabilitation program. Clini-
cal symptoms and 6-min walk test (6-MWT) may fail to
detect such a reduced exercise capacity, whilst cardio-
pulmonary exercise test (CPET) may unmask exercise
limitation.

To decipher the mechanisms underlying the exer-
cise capacity limitation, we conducted a comprehensive
prospective evaluation in severe COVID-19 pulmonary
infection survivors 3 months after hospital discharge
in COVulnerability cohort. More specifically, we per-
formed in addition to CPET and 6-MWT, lung function
test, echocardiography, skeletal muscle mass and func-
tion evaluation, and measured circulatory inflammatory
biomarkers.

Methods

Study design and participant

COVulnerability is an ongoing prospective monocen-
tric study, conducted at Henri Mondor Hospital, APHP,
Creteil, France. Patient were included between March
2020 and July 2021 when diagnosed with severe COVID-
19 pulmonary infection [12], confirmed by positive
polymerase chain reaction or serology, hospitalized at
intensive care unit (ICU) or at conventional care unit for
more than 7 days and with oxygen therapy during hos-
pitalization (>3 l/min). As part of routine clinical care,

discharge for a comprehensive evaluation. Patients were
excluded if they were under 18 years old or pregnant.
The study was approved as part of routine clinical care
by ethical committee Comité consultatif sur le traitement
de linformation en matiére de recherche (C.C.T.LR.S.) of
the Henri Mondor Hospital. An agreement was obtained
from patients prior to CPET, pulmonary function tests
and echocardiography at rest.

Demographics, clinical and laboratory findings upon
hospital admission, during hospital stay and 3 months
post hospital discharge were collected including medi-
cal history before COVID-19 infection, smoking status
(pack-years), body mass index (BMI) and severity of the
acute COVID-19 infection (use of high-flow nasal can-
nula (HFNC), invasive mechanical ventilation, extracor-
poreal membrane oxygenation (ECMO)). Assessment of
COVID-19-related long-term organ damage was evalu-
ated and included lung function at rest, exercise testing
with VO,peak measurement, transthoracic echocardi-
ography at rest. Skeletal muscle testing (grip and pinch
test) was assessed using a standard handgrip dynamom-
eter and pinch gauge (Baseline Evaluation Instrument,
NY, USA). Appendicular skeletal muscle mass (ASMM)
was determined using dual-energy X-ray absorptiometry
(Lunar iDXA, GE Healthcare, UK) as the fat-free soft-tis-
sue masses of the arms and legs divided by height squared
[13] and ASMM index (ASMMI) was then computed as
ASMM divided by height squared. The cutoft for defining
sarcopenia was two standard deviations below the mean
sex-specific ASMMI values in the Rosetta Study (5.45 for
females and 7.26 for males), as proposed by Baumgartner
et al. [13]. Biological analysis included kidney evaluation
by creatinine concentrations and inflammatory evalua-
tion (C reactive protein (CRP), IL6, IL8, TNF).

Cardiopulmonary test exercise protocol

The instructions given to the subjects were the routine
instructions sent to patients coming to the laboratory for
clinical exercise testing [14]. Symptom-limited CPET was
performed using an electronically braked cycle ergom-
eter (Jaeger Vyntus CPX), under the supervision of a phy-
sician with defined criteria for stopping, such as serious
cardiac arrhythmias, hypotension, electrocardiographic
changes (ST-segment and T-wave changes, arrhythmias).
An incremental exercise protocol was used, in which the
work rate was increased by 10 W to 20 W min™" after
an initial 2 min of unloaded cycle. Standard 12-lead
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electrocardiograms were obtained continuously. Subjects
breathed through a mouthpiece connected to a pneu-
motachograph. Measurements of mixed expired oxygen,
mixed expired carbon dioxide and expired volume were
determined at rest and for each breath throughout exer-
cise using a metabolic cart (Jaeger Vyntus CPX). Oxygen
uptake (V’O,; mL min~!; standard temperature and pres-
sure, dry), carbon dioxide production (V’CO,; mL/min),
gas exchange ratio, minute ventilation (V’E; L/min), res-
piratory rate, the ventilatory equivalent for carbon diox-
ide (VE/V'CO,) was determined and averaged every
30 s. Patients were divided in two groups: (1) normal
exercise capacity, i.e.VO,peak >80% of predicted values
and (2) reduced exercise capacity, i.e. VO,peak<80% of
predicted values.

Pulmonary function testing

Each participant underwent spirometry, plethysmogra-
phy, and DL, according to ATS/ERS consensus guide-
lines [15]. DL, was measured using the single breath
method. K¢, which is DL corrected for alveolar vol-
ume, was used for the analysis. DL and K, were cor-
rected for hemoglobin. The spirometry, lung volumes
and DL, measurements were expressed as percentage
of predicted normal values using reference values taken
from the prediction equations of the GLI 2012 [16].

Transthoracic echocardiography at rest

Patients underwent transthoracic echocardiography
using Vivid E95 ultrasound system (General Electric).
Left ventricular (LV) and left atrial (LA) volumes were
measured in two-dimensional apical views according to
the biplane Simpson rule. Left ventricular function was
assessed using LV ejection fraction (LVEF, biplane Simp-
son method) and global longitudinal strain (GLS). Mitral
inflow velocity pattern, peak velocities of E and A waves
and E wave deceleration time were recorded as recom-
mended [17]. Mitral lateral E’ velocities were measured
by tissue Doppler imaging. Systolic pulmonary arterial
pressure (calculated from tricuspid regurgitation flow)
and pulmonary acceleration time (PAcT) was acquired
using Doppler method. Right ventricular (RV) size was
assessed by RV basal and mid dimensions and diastolic
surface and RV function by Tricuspid Annular Plane Sys-
tolic Excursion (TAPSE), S’ wave velocity (Doppler tis-
sue imaging), RV ejection delays (RVEDs) and tricuspid
regurgitation velocity (TRV) as previously published[18].

Data presentation and statistical analysis

Continuous variables are reported as mean =+ standard
deviation (SD) and compared using the unpaired Student
t test or the Mann—Whitney test, as appropriate. Qualita-
tive variables are expressed as numbers and percentages
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and compared with the Chi? or Fischer tests, as appro-
priate. Pearson correlation coefficients were computed
for continuous-continuous variables correlations. Uni-
and multivariable linear regression models were used to
assess the relationship between VO,peak and variables of
interests, using a stepwise backward approach for multi-
variable analysis by first entering all covariates associated
with VO,peak at the p<0.2 level in univariate analysis
and then removing not significant factors at the p<0.05
level until the final model was reached. All analyses were
performed at the two-tailed P<0.05 level, using Stata
v16.1 (StataCorp, College Station, TX, USA).

Results

Among the 220 survivors for COVID-19 severe acute
pulmonary infection included in COVulnerability cohort,
105 agreed to benefit from a follow-up evaluation three
months after hospital discharge. The mean age of patients
was 59.2 years and 79 (75.2%) were male. The most com-
mon comorbidity was hypertension (41.9%), followed
by diabetes (27.6%), and dyslipidemia (20%). Forty-five
patients (43.3%) had been admitted to the intensive care
unit (ICU) during the acute phase. During hospitaliza-
tion, 16 patients (15.7%) required high flow nasal cannula
(HFENC) and 26 (25.2%) invasive mechanical ventilation
(IMV). Other patient’s characteristics and clinical out-
comes are shown in Table 1.

Despite no major symptoms of dyspnea and 6-MWT in
normal range, more than a third of patients (37 patients,
35%) had an impaired CPET with a VO,peak under 80%.
Interestingly, patients with a reduced exercise capacity
did not complain of dyspnea and had similar 6-MWT
as compared with those having normal exercise capac-
ity. Compared to patients with normal exercise capac-
ity, patients with reduced exercise capacity were more
often men (89.2% vs. 67.6%, p=0.015), with diabetes
(45.9% vs. 17.6%, p=0.002), renal dysfunction (21.6%
vs. 17.6%, p=0.006) and lower BMI (25.79+3.68 vs.
29.07 £5.24, p=0.001). Of note, smoking habits was
similar between groups. The severity of acute COVID-19
disease was not different between groups in terms of ICU
admission, HFNC, IMV and ECMO (Table 1). During
the exercise test, patients with altered exercise capacity
compared to the others reached a lower maximal work,
a lower maximal heart rate and had a higher breath-
ing reserve (Table 2). We do not observe desaturation
between groups, at the peak of exercise the saturation
was 98.4+3.2% in the normal group vs. 99 £1.42% in the
impaired group (p=0,239).

Reduced exercise capacity was associated with a
significant decrease in respiratory function at rest:
compared to the normal exercise capacity group, pre-
dicted FVC was significantly lower in the impaired
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Table 1 Patient’s characteristics and comparison of clinical factors between patients with a normal and reduced exercise capacity

Parameters All patients Normal exercise capacity Reduced exercise p-Value

(n=105) (n=68) capacity

(n=37)

Age, years 59.21+11.81 59.68+12.16 5835+11.26 0.585
Male (%) 79 (75.2) 46 (67.6) 33(89.2) 0.015
BMI before COVID-19, kg/m? 29.114£551 30.29+5.64 27.16+£4.74 0.009
BMI, kg/m2 27.92+£498 29.07£524 25.79+£3.68 0.001
Change in BMI before-after COVID-19, kg/m? —1.16£193 —090£1.59 — 1594235 0.105
Tobacco history (%) 48 (45.7) 34 (50) 14 (37.8) 0.232
Smoking, pack-years 11.69+£16.29 11541522 1206+ 18.38 0.874
mMRC dyspnea scale (0/ 1/ 2/ 3/ 4) 67/31/5/2/0 46/21/1/0/0 24/12/1/0/0 061
Comorbidities
Hypertension (%) 44 (41.9) 25 (36.8) 19(51.4) 0.148
Diabetes (%) 29 (27.6) 12(17.6) 17 (45.9) 0.002
Dyslipidemia (%) 21 (20) 13 (19.1) 8(21.6) 0.759
Ischemic cardiomyopathy (%) 17(16.2) 12(17.6) 5(13.5) 0.583
Obstructive sleep apnea (%) 15(14.3) 8(11.8) 7(18.9) 0317
Malignancy (%) 14 (13.5) 8(11.9) 6(16.2) 0.541
Chronic kidney disease (%) 11(10.5) 3(44) 8(21.6) 0.006
COPD (%) Q) 1(1.5) 0(0) 0459
During COVID-19 hospitalisation
ICU stay (%) 45 (43.3) 26 (38.8) 19(51.4) 0.216
HFNC (%) 16 (15.7) 10(15.2) 6(16.7) 0.841
IMV (%) 26 (25.2) 14(21.2) 12 (324) 0.209
Tracheotomy (%) 2(1.9) 1(1.5) 12.7) 0.675
ECMO (%) 4(3.9) 1(1.5) 3(8.1) 0.097
Pulmonary embolism (%) 8(7.8) 7(10.6) 127) 0.150
Acute kidney injury (%) 23(22.1) 11(16.2) 12(33.3) 0.045
Cardiogenic shock (%) 2(1.9) 2(3) 0(0) 0.289

Data are presented as n, n (%) or mean =+ SD. Bold type represents statistical significance. BMI Body mass index, mMRC modified Medical Research Council, COPD
chronic obstructive pulmonary disease, ICU intensive care unit, IMV invasive mechanical ventilation, HFNC high-flow nasal cannula, ECMO extracorporeal membrane

oxygenation

group (74.54+15.99% vs. 90.54+£16.69%, p<0.0001)
as predicted FEV1 (76.76 £17.92% vs. 93.26 £ 16.38%,
p<0.0001) and TLC (75.81 +13.24% vs. 87.88 & 13.79%,
p<0.0001). DLy was also significantly lower in the
reduced exercise capacity group (65.14+15.53% vs.
74.66 £20.28%, p=0.015). K5 was not modified in
the reduced exercise capacity group, highlighting a
restrictive pulmonary pattern in patients presenting an
altered exercise capacity (Table 2).

Furthermore, we found a reduced skeletal muscle
mass by ASMMI in the altered exercise capacity group
(7.36+0.94 kg/m? vs. 7.85+1.17 kg/m? p=0.001)
together with a decrease in grip test (31.50£9.27 vs.
36.33+10.71, p=0.047) highlighting an impairment
in skeletal muscle strength (Table 2). There also was a
decrease in VO,/kg of muscle leg in the reduced exer-
cise capacity (68.5+16 vs. 95.7+18.5, p<0.0001).

Notably, sarcopenia was more frequent among low
exercise capacity patients compared to the others:
38.9% vs 10.9%, (p=0.001).

We did not observe any significant cardiac dysfunc-
tion with systolic and diastolic parameters in normal
range values at rest. Furthermore, LVEF and right ven-
tricular function were similar in both groups (Table 2).
Reduced exercise capacity was associated with a shorter
PAcT (107 £27 ms vs. 126+ 26 ms, p=0.02) despite no
argument for pulmonary hypertension (based on tricus-
pid regurgitation peak velocity). Predicted VO,/Heart
rate was decreased in the altered exercise capacity group
(66.03£9.58% vs. 96.62 £ 14.69%, p <0.0001).

As expected, the univariate analysis showed correla-
tion between VO,peak and the predicted values of FEV1,
FVC, TLC, DLq but not with K. (Table 3, see Addi-
tional file 1). Notably, VO,peak was also correlated with
skeletal muscle mass and grip test. In addition, VO,peak
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Table 2 Comparison of pulmonary function, skeletal muscle parameter and transthoracic echocardiography between patients with a
normal and reduced exercise capacity

Parameters All patients (n=105) Normal exercise capacity Reduced exercise p-Value
(n=68) capacity (n=37)

Exercise capacity assessment (CPET)

Wrmax, W 116.14£51.67 130.74£53.39 89.32£3555 0.0002
HRmax, bpm 13943 £25.80 143.51£26.38 1319242321 0.013
Breathing reserve, % 2549419.13 211441838 33.14£1823 0.009
V'O2max, ml/min 1523.894+552.69 171890 £ 540.20 116549436813 <0.0001
V'CO2max, ml/min 1764.03 £696.62 1991.90 £ 700.66 134524445819 <0.0001
RER 1.15£0.11 1.15£0.09 1.15£0.13 0.979
V'O2max/BW, ml/min/kg 18.28£5.34 20.15+£5.16 14.84+£3.75 <0.0001
VO,max/kg leg muscle mass (ml/kg leg/min) 8644218 9574185 68.5+16 <0.0001
Anaerobic threshold %VO2 max predicted 62.74+19.8 711£174 4596+12.2 <0.0001
Respiratory frequency, breathe/min 389848387 39.76+8.56 37.554+9.36 0319
VO,/HR, ml/beat 11.12£3.30 12.18£3.27 9.02+2.17 <0.0001
VO,/HR, % predicted 86.32£19.59 96.62 £ 14.69 66.03+9.58 <0.0001
Hemoglobin, g/dl 13.57£1.54 13.99£1.39 12.77£1.52 <0.0001
6-min walking distance, m 485.184+£111.08 494.024+£10947 469.22+113.72 0.285
Pulmonary function

FVC L 349+£1.11 367+£1.18 3.17+£088 0.026
FVC, % predicted 84.90 £ 18.08 90.54 £ 16.69 74.54£1599 <0.0001
FEV1, L 2.78£0.82 291+£083 255+0.76 0.030
FEV1, % predicted 87.45+18.62 93.26£16.38 76.76£17.92 <0.0001
FEV1/FVC (%) 80£7 81£8 80+7 0.828
TLC, L 542+1.24 557+135 5134093 0.081
TLC, % predicted 83.70£14.72 87.88£13.79 7581£13.24 <0.0001
DLCO, % predicted 71.27+£19.34 74.66+2048 65.14£1553 0.015
KCO, % 93.87£17.56 94.79£17.59 92.19+£17.62 0472
Pa02, mmHg 89.04£9.35 87.82£9.68 90.81 (8.7) 0.173
PaCO2, mmHg 37.08+£4.97 3721£25 36.84+7.24 0.73
Skeletal muscle mass and function

ASMMI, kg/m? 7.85+1.17 8.13£1.19 7.36+£0.94 0.001
Sarcopenia (%) 21 (21) 7(109) 14 (38.9) 0.001
Grip test, kg 3442+£1037 36.33+£10.71 31.5+£9.27 0.047
Pinch test, kg 6.66£2.17 7041231 6.07£1.82 0.054
Transthoracic echocardiography

CO, L/min 571£137 5.88+144 544+1.24 0.182
LVMi, g/m2 84.43£245 79.31+£18.01 9343+£31.34 0.012
LVEF (2D), % 60.25£6.06 60.31£5.75 60.13 £6.64 0.898
Global longitudinal strain, % —17.24+£245 —1759£2.39 — 16.66£249 0.114
E/A ratio 0.89+0.33 090+0.34 0.88+0.32 0.767
E/E'ratio 714220 7104203 7.12+£256 0.971
E'lateral, cm/s 9.46£3.07 9.54+£3.36 9.29+244 0.733
LAVi, mL 28.15+£9.78 27.82+8.77 28.70£11.39 0.697
RVEDs, cm? 1743 £445 16.70£4.34 18.65+4.45 0.077
TAPSE, mm 21494333 21.74£347 21.04+£3.05 0.389
S'wave, cm/s 12.7942.08 12.7242.01 12.954+2.26 0.663
TRV, m/s 232+£034 230+£0.32 235£037 0.656
systolic PAP, mmHg 25£6.05 2461 £5.65 255+6.66 0.646
PACT, ms 119.7£27.53 125.84£25.95 106.6£27 0.024

RA area, cm? 14.68+442 1435+442 1530+444 0.387
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Table 2 (continued)

Data are presented as mean + SD. Bold type represents statistical significance. WRmax maximum work rate, V'02max maximum oxygen uptake, V'CO2max maximum
carbon dioxide production, V'02max/BW maximum oxygen uptake per kg body weight, RER respiratory exchange ratio, HR heart rate, DLCO diffusing capacity of the
lungs for carbon monoxide, FEVT forced expiratory volume in the first second, FVC forced vital capacity, KCO diffusion coefficient, TCL total lung capacity, Pa0O2 partial
pressure of oxygen assessed by blood gas analysis, PaCO2 partial pressure of carbon dioxide assessed by blood gas analysis, ASMMI appendicular skeletal muscle mass

index, PAcT pulmonary acceleration time, CO cardiac output, LVMi left ventricular mass index, LAVi left atrial volume index, RVEDs right ventricular ejection delays,
TAPSE tricuspid annular plane systolic excursion, TRV tricuspid regurgitation velocity, PAP pulmonary artery pressure, RA right atrium

was correlated with left ventricle mass index, GLS, E/E’
ratio, RVEDs, TRV and PacT (Table 3, see Additional
file 1). Interestingly, in multivariable analysis, age, sex,
predicted TLC, ASMM]I, GLS and E/E’ ratio, showed an
independent correlation with VO2peak (Table 3).

Finally, we identified a slight but statistically significant
increase in circulatory inflammatory biomarkers (CRP,
IL6, TNFa) in patients with reduced VO,peak com-
pared to normal exercise capacity group (Table 4). There

(r=— 0.24, p=0.013), TNFa (r=— 0.34, p=0.0003) and
CRP (r=-— 0.29, p=0.003).

Discussion

Three months after hospitalization for a severe
COVID-19 pulmonary infection, we show that 35% of
survivors of COVulnerability cohort have a clinically
occult impaired exercise capacity, which was unmasked
by CPET whereas clinical symptoms and 6-MWT were

was a negative correlation between VO2peak and IL6  not contributive. Beyond alteration of pulmonary func-

tion, exercise limitation was associated to sarcopenia

Table 3 Multivariable analysis to identify the factors associated with VO,peak

Unadjusted analyses Multivariable analysis

Parameters Correlation Unadjusted linear regression p-Value Adjusted linear regression  p-Value
coefficient, r coefficient (C195%) coefficient (C195%)

Age, years 0.18 0.004 (0.000;0.008) 0.070 0.01 (0.003-0.012) 0.001

Body mass index, kg/m? 033 0.016 (0.007;0.025) 0.0006 (=)

Pulmonary function

FVC, % predicted 0.52 0.007 (0.005;0.009) <0.0001 -)

FEV1, % predicted 0.51 0.007 (0.005;0.009) <0.0001 )

TLC, % predicted 0.52 0.009 (0.006;0.012) <0.0001 0.01 (0.003-0.01) 0.0004

DLCO, % predicted 038 0.005 (0.003;0.007) <0.0001 -)

Skeletal muscle mass and function

ASMMI, kg/m? 034 0.072(0.032,0.113) 0.0006 0.09 (0.05-0.12) <0.0001

Grip test, kg 0.25 0.006 (0.001;0.011) 0.027 )

Transthoracic echocardiography

LVMi, g/m? —0.29 — 0.003 (— 0.005; — 0.001) 0.009 -)

PACT, ms 035 0.003 (0.001;0.005) 0.017 )

Bold type represents statistical significance. DLCO diffusing capacity of the lungs for carbon monoxide, FEV1 forced expiratory volume in the first second, FVC forced
vital capacity, KCO diffusion coefficient, TCL total lung capacity, PaO2 partial pressure of oxygen assessed by blood gas analysis, PaCO2 partial pressure of carbon
dioxide assessed by blood gas analysis, ASMMI appendicular skeletal muscle mass index, PAcT pulmonary acceleration time, CO cardiac output, LVMi left ventricular
mass index, LAVi left atrial volume index, RVEDs right ventricular ejection delays, TAPSE tricuspid annular plane systolic excursion, TRV tricuspid regurgitation velocity,
PAP pulmonary artery pressure, RA right atrium

Table 4 Comparison of circulatory inflammatory biomarkers between patients with normal and reduced exercise capacity

Parameters (normal values) All patients (n=105) Normal exercise capacity Reduced exercise p-Value
(n=68) capacity (n=37)

CRP, mg/L (<5 mg/l) 3.614+6.00 246+4.26 5794799 0.012

Interleukin-6, pg/ml (<7 pg/l) 58047.58 5174721 6.96+8.18 0.013

Interleukin-8, pg/ml (6.7-16.2 pg/ml) 116.03+249.6 131.24£299.17 88.06+110.27 0.835

TNFa pg/ml (4.05-8.34 pg/ml) 19.36 £8.87 17.3+£7.82 23.14+£951 <0.0001

Data are presented as mean + SD. Bold type represents statistical significance. CRP C reactive protein, TNFa tumor necrosis factor a
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and reduced skeletal muscle function but no significant
cardiac dysfunction.

Our results highlight the importance to perform a
global and systematic evaluation of severe patients during
follow up, including CPET to detect exercise limitation
beyond the existence of lung sequelae. Indeed, the initial
disease severity during the acute hospitalization was not
related to the exercise capacity at 3 months, highlighting
the complexity to predict which patient will develop an
exercise limitation. Furthermore, CPET is able to unmask
an exercise limitation that cannot be identified by dysp-
nea measure or 6-MWT [19]. In line with this observa-
tion, we showed that these two latter criteria were similar
between normal and impaired exercise capacity groups
and were not contributive for the diagnosis of exercise
limitation. Thus, our study adds a piece of evidence for
the high rate of exercise limitation in COVID-19 sur-
vivors as previously reported in coronavirus outbreak
[4, 20, 21] and more recently identified in COVID-19
patients [10, 11, 22].

Once raising awareness of exercise limitation in the
follow-up of COVID-19 patients, we aimed to decipher
the underlying mechanisms by performing a compre-
hensive multi-organ evaluation to identify factors asso-
ciated with a reduced exercise capacity. Whilst most
of studies are focusing on lung alterations [11, 22], our
study is the first to identify sarcopenia as a main contrib-
utor. Indeed, a reduced exercise capacity was associated
with a decrease in muscle mass and function assessed
by ASMMI and grip test. The reduction of VO2/kg leg
muscle mass in the group with a reduced exercise capac-
ity suggest strongly that the muscle is dysfunctional. The
reduction of anaerobic threshold is also an argument
for an alteration of muscle function responsible of the
exercise limitation. Moreover, sarcopenia was very com-
mon among patients with low exercise capacity, thus
clarifying the suspicion of muscular deconditioning
reported by previous studies [11]. Such a link between
exercise limitation and sarcopenia has been reported in
chronic cardiac and lung diseases [23, 24]. However, in
our cohort, COVID-19 survivors with an exercise limita-
tion had a higher rate of sarcopenia (almost 40%) com-
pared with these diseases (15-34%) [25—27] highlighting
the important chronic impact of COVID-19 on muscle
mass. Based on these results, prevention and treatment
of sarcopenia must be considered during follow up of
COVID-19 survivors.

If obesity and high BMI are clearly associated with
higher frequency of severe COVID-19 infections and
worse prognosis in the acute phase [28, 29], we showed
that patients with low BMI may be more vulnerable in
the follow-up phase with a lower exercise capacity.
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We also found that an impaired exercise capacity
was associated with a lower lung function and particu-
larly with a decrease in lung volume that characterized
COVID-19 survivors [8, 9, 22, 30, 31]. A reduction of
gas transfer measured by DL was also present, but this
difference disappeared when this value was related with
alveolar ventilation (K¢q), confirming the restrictive pul-
monary pattern in patients presenting a decreased effort
capacity. However, the breathing reserve at VO,peak
was higher in the reduced exercise group suggesting that
this restrictive profile is not responsible of the exercise
limitation.

Echocardiography at rest suggest that the role of car-
diac dysfunction can be ruled out regarding the lack of
systolic and diastolic function abnormalities and the
weak correlation between systolic and diastolic param-
eters with VO,peak. However, we cannot exclude a car-
diac dysfunction during exercise based on VO2/heart
rate in patients with impaired exercise capacity. Another
explanation to the VO2/heart reduction could be the
reduction of peripheral extraction associated with mus-
cle dysfunction. Further explorations such effort cardiac
echography would be interested to determine the impact
of cardiac dysfunction, but it was not in the scope of this
study.

We also observed that inflammatory circulating bio-
markers are higher in patients with low exercise capac-
ity. That could be an important component of the
phenotype of patients with low exercise capacity asso-
ciated with altered lung function and muscle altera-
tion. Lower muscle mass may be related to persistent
systemic inflammation from acute COVID-19 infec-
tion [32, 33] to chronic sequelae [30]. Indeed, a high
level of circulating inflammatory biomarkers, related
to a chronic inflammation, is known to be associated
with lower skeletal muscle strength and muscle mass
[34, 35] and can participate to the deconditioning pro-
cess observed in our patients. The higher level of IL-6
and TNFa in the reduced exercise capacity group at
3 months of the acute disease highlight a persistent
inflammatory signature. These results are consistent
with the IL-6 and TNFa serum levels that are described
to be independent and significant predictors of COVID-
19 disease severity [36]. Decrease in hemoglobin level
in the reduced exercise capacity group can be linked to
this persistent inflammation.

One limitation of our study includes the absence of
preexisting evaluation of these patients before the acute
phase of the disease and organ alteration that may pre-
cede the hospitalization. For example, sarcopenia could
be induced by diabetes prior to COVID-19 infection.
BMI values before COVID-19 infection showed a differ-
ence between groups, it can limit the interpretation and
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allow to hypothesize that other parameters, like a preex-
isting muscle mass and function alteration, was already
present between groups.

Conclusion

At 3 months of a severe COVID-19 pulmonary infec-
tion, one third of patients enrolled in COVulnerabil-
ity cohort have an exercise limitation. This limitation
is associated with a lung and muscular dysfunction.
Adapted rehabilitation for these patients could decrease
the global sequelae of this disease.
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